A new route to obtain pillared, disordered or desilicated MWW-type zeolites was developed assisted by quaternary ammonium surfactants with different hydrocarbon tail size acting as swelling agents (C 12 TA þ , C 16 TA þ , C 18 TA þ ) and TPA þ both exchanged to their hydroxide forms instead of only one swelling agent 
a b s t r a c t
A new route to obtain pillared, disordered or desilicated MWW-type zeolites was developed assisted by quaternary ammonium surfactants with different hydrocarbon tail size acting as swelling agents (C 12 TA þ , C 16 TA þ , C 18 TA þ ) and TPA þ both exchanged to their hydroxide forms instead of only one swelling agent (C n TA þ or TPA þ ) in hydroxide form. Effect of surfactant concentration and swelling conditions were determinant to obtain MWW-type zeolites with different lamellar organization and spatial distribution of individual zeolitic layers. Specifically, soft swelling at 25 C with C 12 TA þ preserved layer structure reaching a final disordered/pillared structure while pillared structures are obtained in the case of materials swollen with C 16 TA þ and C 18 TA þ . Aggressive swelling processes at 80 C favored desilication, damaging the layers structure in case of C 12 TA þ while pillared materials are obtained after swollen with C 16 TA þ and C 18 TA þ surfactants. It was proved that both swelling agents in hydroxide forms combining with swelling and pillaring procedure influenced on physico-chemical and morphological nature of MWW-type materials due to the particular conditions used. The obtained derivative MWW zeolites with different morphology, order and accessibility levels were firstly evaluated by catalytic dehydration of fructose to 5-hydroxymethylfurfural (5-HMF) showing superior activity compared to beta zeolites reported in literature. © 2016 Elsevier Inc. All rights reserved.
Introduction
Zeolites are microporous crystalline aluminosilicates composed of tetrahedral units TO 4 (T ¼ Si or Al usually) coordinated by oxygen atoms. The different spatial organization between these tetrahedral units and their relationships generate different topologies of ordered porous structures with shape selectivity that play an important role in adsorption processes, ion exchange, separation, and catalysis [1e3] . However, the accessibility in the microporous range (usually, with pore sizes until 1 nm) imposes restriction for larger molecules that cannot access towards internal active sites, decreasing catalytic efficiency and imposing significant diffusional limitations [4, 5] .
In contrast, zeolites with a hierarchical pore system have received growing attention in recent times [4,6e8] . The strategy based on generating secondary mesoporosity regions in zeolites emerges as a way to facilitate molecular diffusion and increase the variety of reagents capable to achieve and react with internal active sites [6] . Among the strategies "bottom-up" to hierarchy zeolites, pillaring process is able to separate individual layers of twodimensional (2D) zeolitic precursors. This procedure creates mesoporous regions by inserting organic or inorganic species as pillars, located in the interlayer space, together with intrinsic microporosity present in the zeolitic layers [9e11] . Considering the best examples in the state-of-art of successful hierarchical pillared zeolites, we found MCM-36 (MWW topology), ITQ-36 (FER topology) and recently, nanosheet pillared and self-pillared MFI-type zeolites [11e14] .
The MWW topology until now, offers the major versatility in zeolite modifications [15] . Specifically, for MCM-36, pillaring procedure is carried out after the swelling of MWW precursors with long chain surfactants. Normally, swelling procedures in aggressive conditions (high temperatures, 90 C) [16] . Another swelling procedure was carried by mild conditions (ambient temperature) followed by successive washing cycles with the intention to preserve the structure of individual layers. Indeed, this modification facilitated the preparation of materials with less dissolved silica maintaining the integrity of the lamellar organization without the formation of undesirable mesoporous phase competitors [17] . However, for the catalytic point of view, pillared materials under aggressive swelling conditions still benefic for catalytic reactions once fragmented structure created by partial dissolution of crystals improves the reactant accessibility [18] .
On the other hand, a recent study report that mild conditions could affect the swelling efficiency in MWW precursors with high Al content (Si/Al ¼~15) which depends of the type of cationhydroxide used to generate high pH in swelling treatment [19] . According to Roth et al., [15] the swelling step is historically the most difficult and critical step for modifying precursors. Moreover, the effect of swelling with different swelling agents has being widespread to other zeolite precursors as ICP-1 based on germanosilicate and offer diversity to create more open zeolites structures showing that in swelling and pillaring, tiny details determine everything [20, 21] . Recently, new strategies for direct synthesis of delaminated MWW-type monolayers using dual-template (with long chain lengths) have been reported [22, 23] . However, the control of size galleries by surfactant size assisted method and pillaring process still need to be deeply explored [15] .
Nowadays, great efforts has been made on effective routes for the synthesis of 5-HMF from C6-based carbohydrates. This demand comes from the necessity to obtain new sustainable fuels sources and chemicals through inexpensive and renewable materials with high added-value, proposing alternative efficient industry processes which could replace the limited fossil fuels [24, 25] . Specifically, 5-HMF is a valuable biomass-derived platform intermediate, which is potentially used as fuel and additives in fine chemicals, pharmaceuticals and polymers [26e29] .
The use of solid acid catalyst for dehydration carbohydrates has several advantages over liquid acid catalyst, such as easier separation, being recoverable and recyclable for successive reuses. Moreover, adjusting surface acidity of heterogeneous solid catalyst, selectivity to desired product can be achieved at shorter times, working with higher temperatures, voiding corrosion and safety problems [30, 31] . Acidic H-Y, H-ZSM-5, H-mordenite, H-b, b-deal- . In addition, layered zeolites are one the most potential and promising materials to replace current used catalysts and advancement areas of study on porous and hierarchical materials [37] . In addition, has been demonstrated that the combined action between Brønsted and Lewis acidic sites were highly beneficial to 5-HMF production [38] . Thus, fructose dehydration would be a priori an ideal model substrate to evaluate the performance of pillared MWW catalytic materials for biomass conversion [39] .
This work aims to evaluate the influence of long chain surfactants used as swelling agents, which exhibit different molecular dimensions, on pillared MWW-type zeolites through soft and aggressive swelling conditions. The obtained MWW-type zeolites were firstly evaluated by catalytic dehydration of fructose to 5-HMF.
Experimental

MCM-22 precursor synthesis
Synthesis of precursor (P) was done similarly to literature [40] . Thus, 0.37 g of NaOH (Sigma Aldrich) and 0.37 g of NaAlO 2 (Riedelde-Ha€ en), were dissolved in 81.18 g of distillated water. In a next step, 4.98 g of hexamethyleneimine (HMI, Sigma Aldrich) and 6 g of fumed silica (Aerosil 200, Degussa) were added to the mixture. The resulting slurry with Si/Al ratio ¼~25 was stirred for 2 h and hydrothermally treated in PTFE-lined stainless-steel autoclave with rotation (60 rpm) at 135 C for 7 days. After the aging period, the autoclave was quenched and the MCM-22 precursor filtered, washed with distilled water and dried overnight at 60 C. After calcination (580 C for 12 h), resulting 3D-MCM-22 zeolite denoted (C).
Swelling precursor
Typically, 9.0 g of aqueous slurry of at 80 C (aggressive swelling) or 25 C (soft swelling) for 18 h. In Fig. A1 it is shown the previous experiments that succeeded the choice of this surfactant mixture. Swollen materials were washed with distilled water by successive centrifugation cycles (12000 rpm) up to ten times and dried at 60 C for overnight.
Pillaring
Swollen materials were added in tetraethyl orthosilicate (TEOS, 98%, Aldrich), 1:5 wt/wt, at 80 C for 24 in vigorous stirring under nitrogen atmosphere [17] . The materials were hydrolyzed with water (pH ¼ 9, controlled with NaOH) at 40 C for 12 h and dried at 60 C for overnight. Calcination was done in tubular Pyrex reactor up to 550 C with heating rate of 3 C min À1 under nitrogen flow, followed by 8 h under oxygen flow. All materials were converted to acidic form through three consecutive ion exchanges of 1 g of zeolite in 50 mL of 0.1 mol L À1 NH 4 NO 3 (Aldrich) solution at ambient temperature for 3 h, and subsequent calcination at 500 C (heating rate of 5 C min À1 ) for 2 h under air atmosphere.
The modified materials were named by surfactant chain length used in swelling procedure (18, 16, 12) followed by type of swelling (aggressive or soft treatments were denoted "A" or "S", respectively) followed by number of washing cycles. For the pillared materials, a "P" was added at the end of nomenclature. For example, when C 12 TA þ was used with aggressive swelling, washed ten times and followed by pillaring process, nomenclature of the sample is 12-A-10-P.
Catalytic tests
Conversion of fructose to 5-hydroxymethylfurfural (5-HMF). 218 mg of fructose and 18 mg of zeolite catalyst were added into a 10 mL Pyrex reactor, containing 8.0 g of dimethyl sulfoxide (DMSO). The formed mixture was stirred in an oil bath at 120 C for 3 h. The products, after fructose dehydration, were sampled at intervals and analyzed using HPLC. Fructose conversion (1), yield (2) and selectivity (3) of 5-HMF were calculated following the next equations:
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